In the process of oil and gas well drilling and completion, under the action of positive pressure gradient or self-absorption, drilling and completion fluid solid phase particles block the reservoir pore and form the filter cake. The filter cake plays a vital role in reservoir protection, and is closely related to the oil and gas well productivity from cake formation to remove. The filter cake is always expected to be thin, tough, with low permeability and easy to remove. Many scholars made a lot of research from the filter cake layer structure, space truss structure, pore structure and the structure of fractal structure of filter cake. However, the researches on the structure of the filter cake are mainly conducted qualitatively at home and abroad, while the quantitative research progress is slow. At the same time, the research on the relationship between the filter cake structure and its performance is also relatively weak. In recent years, with the wide application of horizontal wells, it has called widespread attention on how to effectively remove filter cake in order to improve the oil and gas well production capacity at home and abroad. The widely-used filter cake removal technology mainly includes natural clear, mechanical removal, chemical removal and biological removal technology currently. Among them, the biological removal technology is developed in recent years as a new type of filter cake removal technology. With the further development of mud cake removal technology and downhole filter cake removing circumstance with increasing complexity, a single filter cake removal technology cannot completely meet the requirements. The filter cake removal technology is developing in the direction of the composite to clear, in order to obtain ideal filter cake removal effect.
Introduction
In the whole process of the exploration and development of oil and gas wells, the well fluid (such as drilling completion fluid, fracturing fluid and injected water, etc.) is under the action of pressure difference or self-priming, through reservoir porosity into the reservoir. After a period of time, the solid phase particles blocking the pore formed filter cake. Since then, and they can only filtrate invasion of reservoir. The filter cake which we usually mention generally refers to the drilling completion fluid filter cake, which is widespread in the process of oil and gas wells in the drilling and completion, and the damage to the reservoir and that has important effects on the oil and gas well production capacity. The existence of the filter cake will cause damage to the reservoir, for example, to reduce the reservoir permeability, but also can effectively filter cake used to achieve the goal of reservoir protection. The thin, flexible and low permeable filter cake formed on the wall can reduce and prevent the damage of solid phase invasion and water phase trap, and improve the ability of the porosity logging recognition of tight sandstone. It also could stop work fluid pressure transmit to the formation, and stable the sidewall formation pore pressure to the original state pore pressure, prevent the extension of reservoir fracture (weaken or eliminate the stress sensitivity of reservoir). At the same time, in the drilling completion homework, the differential form of filter cake making particles near the wellbore reservoir effective stress increases gradually, enhancing the ability of resistance to tensile rupture rock, and thus enhancing the fracture pressure of reservoir near the wall and the bearing capacity, preventing borehole wall instability and reservoir leakage [1] [2] [3] .
Filter cake is a complex of porous media. The pore size, shape and distribution of fluid motion play an important role. So the geometrical porous structure of filter cake is one of the important factors, which also can decide the filter features [4] . The filter cake quality is directly related to the reservoir damage degree, borehole wall stability and borehole quality [5] . In order to reduce the down hole accidents, drilling completion fluid leakage, and reservoir damage degree, the filter cake is always expected to be thin and tough, with low permeability [6] . In 7 subsequent production construction, it has received extensive attention on how to effectively remove the filter cake in order to improve the oil and gas well production capacity. The filter cake, removing incomplete or purify uneven wall, not only can reduce capacity, but also is easy to cause the well loss at the bottom and liquid phase in the course of production of the dash [7] . Therefore, it is very important to study the microstructure, performance of the filter cake, figure out how to effectively clean the tight filter cake and recover the permeability of reservoir.
Filter Cake Formation
In the process of drilling completion of oil and gas well, the filter cake is formed by solid phase of the well completion fluid plugging the pores of the reservoir, into the inner filter cake and the outer filter cake (see Figure 1 ), which can be formed either in static filtration or during dynamic filtration. During the drilling and completion of oil and gas wells, solid filter particles are formed by plugging the pores of the drilling and completion fluid with positive pressure or imbibition. The cake is divided into inner and outer filter cake (Figure 1 ), which can be formed in the static filtration time, or in the dynamic filtration time. During the static filtration process, the formation of cake is mainly caused by the gravitational precipitation of particles and the force between particles. In the process of dynamic filtration, the formation of cake is mainly controlled by the acting force acting on the drilling fluid and the pore pressure of the reservoir. There is a direct relationship between rheology and shear rate distribution. Drilling fluid particle velocity dynamic filter cake formation and drilling fluid in large and small particles can be deposited at the same time to the bottom of the cake, but only small particles can be deposited into the upper part of the filter cake; when the minimum particle deposition to drilling fluid on the cake, the cake thickness will reach a dynamic balance, so that the filtration rate can reach a dynamic balance; at the same time, the formation of the dynamic filter cake has a minimum balance pressure and permeability of the cores, below which, the filter cake can form [9] [10]. In the shielding temporary plugging technology, in order to form the low permeability filter cake, which can effectively seal the reservoir, the matching relationship between the temporary plugging particles and the pore throat size (crack width), has been the focus of the study.
For the pore type formation, according to the blocking characteristics of drilling completion fluid, theory of the third bridge, two-thirds of Bridges was proposed by researchers, which is based on single grain of pore blocking model, double (grain) bridging plug model [11] [12] . Luo Xiangdong explored the Open Journal of Yangtze Gas and Oil bridging particle and filling particle filling pattern, where the diameter of bridging particles and the pore average diameter of optimal match relations for 2/3, and the concentration should not be less than 3%, and the filler particle concentration should not be less than 2% -3% [13] .
Bernt emphasized that in order to obtain stable bridge, the largest temporary plugging particle diameter should not be less than the width of crack [14] . Jiang
Haijun pointed out the stability of the bridge can be achieved when the diameter of bridging particles and the width of crack match relationship between (0.5 -1):1, and bridging particle concentration is not less than 3% [15] .
Structure Description of Filter Cake
The cake is a porous medium by many uneven sized particles, where small particles are embedded in large particles. The microstructure mainly refers to skeleton particles and the cake pore geometry, size and as well as its distribution.
The study of the structure of filter cake belongs to the field of geometry. Its particle shape and the porous network structure inside the filter cake can't be described by traditional geometry. The analysis of the particle morphology and the internal structure of the filter cake are of great significance to the further study of the formation mechanism and characteristics of the cake [16] . People have always tried to find an effective way to study the structure of filter cake.
In recent years, the test to internal structure of filter cake become possible by the development of scanning electron microscopy and the automatic image processing technology. These technologies make the porosity and pore size distribution more comprehensive and accurate. The results of scanning electron microscope and image analyzer show that the results of porosity and pore size distribution are more comprehensive and accurate than those obtained by indirect test [17] .
Many domestic and foreign scholars have done a lot of research on the structure of filter cake, starting from the layered structure, grid structure, pore structure and fractal structure and so on, contributing to a more in-depth understanding of the cake structure (Table 1) . 
Layered Structure of Filter Cake
Based on the intensive study of factors, which affects the cake strength, thickness and elastic plastic on the cake structure, Zhou fengsha etc. established a physical model and a mathematical model of outer filtering [18] . By analyzing mechanical characteristics during the process of the outer filter cake failure under axial pressure, according to the strength and compactness, the outer filter cake is divided into virtual mud cake, compressible layer cake, dense layer cake and tight filter cake (there are no layers in fact and mud cake characteristics change continuously). On this basis, layered structure physical model of the outer filter cake was established, physical meanings and the difference between layers were in- 
Pore Structure of Filter Cake
For the measurement of the porosity of filter cake, the local porosity distribution in the cake during constant pressure filtration can be directly measured by means of electrical measurement [20] . The results show that during constant pressure filtration, the porosity of any position in the cake decreases with the increase of time, and is asymptotically constant according to the difference of filtration pressure. 
Fractal of Filter Cake Structure
Xu Xinyang used SM505 scanning electron microscope and IDASKAT380 automatic image analyzer and other modern testing methods, testing the structure of filter cake formed under different conditions, and then from the fractal theory, the fractal characteristics of [23] filter cake structure. The results show that the cake structure is a piecewise Sierprinski fractal, and the fractal structure can be used to describe the cake structure. The size of the fractal dimension reflects the distribution of the pore size of the filter cake and the filtration of the cake. The size of fractal dimension is related to material properties and operation factors. The larger the specific surface area of the material is, the smaller the filtration pressure difference is, and the larger the fractal dimension is.
Based on the scanning electron microscope (SEM) and the image analysis of the filter cake, the fractal dimension [24] of the pore section boundaries of various filter cakes can be measured and determined by the island method. The fractal dimension of the pore boundary of the filter cake can reflect the microstructure of the cake. The bigger the fractal dimension is, the more irregular the pore size of the cake is, the rougher the pore wall is and the larger the surface area is.
According to the Sierpinski fractal model, the scaling relation of the pore size fractal dimension of the filter cake is established [25] :
B(≥r)-Remove the remaining holes equivalent radius of not less than R after the filter cake C 0 -Proportionality constant Based on the fractal theory, the mid pore diameter (D 50 ) and the fractal dimension (Ds) represent the pore size and the distribution of pore size respectively, the characteristic parameters represent the filter cake pore structure [25] .
The C value comprehensively reflects the pore size and distribution of the cake. The larger the C value is, the larger the pore size of the filter cake is, the narrower the pore size distribution is, which is beneficial for the filtrate to pass through.
Relationship between Structure and Properties of Filter Cake
Li Yidan with filter paper and rock slices of simple water-based drilling fluid in static and dynamic conditions of filtration, observed the cake structure characterized by low temperature scanning electron microscope, on the basis of the relationship between the two [25] . The results show that the outer structure of filter cake formed by filter paper and rock slices are similar; polymer chain invaded the rock deeper than that of the clay particles. The filtrate loss of drilling and completion fluid of dynamic process is larger than that of static filtration. The grid structure of the filter cake is more regular; and with the increase of the polymer, the effects of shear rate of drilling completion fluid filter cake structure become smaller.
The dynamic filtration rate of drilling and completion fluid under different conditions was measured by using SW -II core dynamic damage instrument. Scanning electron microscope and particle size analysis of dynamic filter cake [26] were carried out. The results show that the permeability of the filter cake is mainly determined by the size and distribution of the particle size of the solid phase, and decreases with the increase of the pressure difference, and increases with the increase of shear rate or permeability. The results of SEM analysis show that the permeability of the filter cake is mainly determined by the size and distribution of the particles in solid phase. Permeability decreases with the increase of the pressure difference, and increases with the increase of shear rate or media permeability. The results of SEM analysis also show that the size of solid particles is finer and denser in high pressure difference than that in low high pressure under the same shear rate; the size of solid particles is coarser and more porous in high shear rate than that of low shear rate under the same pressure difference. With the increase of permeability, the solid particles in the filter cake become coarser. Grain size analysis shows that with the decrease of pressure, shear rate or permeability of medium, the average particle size of solid particles in filter cake increases, and the content of coarse particles increases.
Liu Peng et al. [27] through the analysis of the particle size of the filter cake, discussed the effects of particle density, particle shape and particle size distribution and particle adhesion on the cake properties. It is believed that the finer of the particles in the filter cake, the bigger the specific surface area is, the greater the resistance is. The closer the particle diameter is,, the more uniform the dis-Open Journal of Yangtze Gas and Oil tribution is, the bigger the pore space between the particles in the accumulation is, so that the filtration resistance is reduced. The denser the particles is, the bigger the settling velocity is, the faster the formation of cake is, and the tighter the cake is. The adhesion between the particles hinder the particle movement; under the same effective pressure, the greater the adhesion, the more difficult of the particles movement and the more difficult of filter cake compression will be, resulting in high porosity.
Study on Cake Cleaning Technology
In the drilling process, the formation of the outer filter cake is the drilling fluid filtrate to filter the reservoir and solid invasion is one of the effective methods to the lowest, especially for the completion of the long open holes and gravel without horizontal and deviated wells in any perforation completion period of filling. The quality of the filter plays an important role. However, drilling fluid formed on the wall of the dense filter cake, although the invasion of filtrate and solid particles decreased, which will seriously affect the productivity of oil and gas wells in the subsequent production process. To completely remove the dense filter cake adhering to the wall is difficult, especially in low permeability reservoir. In addition, deep exploration and multi objective layer of oil and gas exploration wells in the middle test, completion test and drilling operations, inevitably result in damage and repeated formation of drilling fluid filter cake. In addition, during the middle test, completion test and drilling operations of deep exploration wells and multi-target exploration wells inevitably result in damage and repeated formation of drilling fluid filter cake. The repeated formation of drilling and completion fluid filter cake on the base block and fracture, the temporary plugging rate and strength are improved. However because the filter cake continued to promote into deep reservoir, the difficulty of removing the cake greatly increased. The filter cake removal technology is mainly used in horizontal wells. Researches show that the filter cake removal technology widely used at home and abroad includes natural removal, mechanical removal, chemical removal and biological removal ( Table 2) . 
Natural Removal Techniques
The natural removal of the cake is commonly known as natural flow back, removal the cake by pressure drop. Natural removal technology is the most basic removal technique of filter cake, but the selection of pressure drop is restricted by many production factors, so the removal efficiency is low in field application.
However, for horizontal wells that can't be used for perforation completion, the natural flow back method is superior to the chemical removal method. The particles released when the cake is broken may enter the reservoir again, causing further damage when using the chemical removal technology.
Zain Z. M. et al. [28] pointed out that the natural flow back of cake is mainly affected by rock permeability, drilling fluid performance, flow back rate and pressure difference. The key to removal cake during flow back is dependent on the permeability and mechanical properties of the cake itself, irrespective of the initial flow pressure. If the filter cake has low permeability and high yield strength, then the pressure drop on the cake is high, and the cake may be completely stripped and removed from the rock surface. The removal of the inner filter cake is more difficult than the external filter cake, and the further research is needed.
Experimental studies were carried out by Liu Jing et al. [29] on the fracture pore reservoirs shielding temporary plugging technique. They pointed out that when the fracture width of the rock well match the peak of the particle size distribution of the drilling & completion fluid, temporary plugging and flow back effect works well. They pointed out that there is a breakthrough pressure Pd.
Only when the flow back pressure is greater than Pd, the cake can fall off, and the fluid flow back, the natural flow back effect worked.
Ding, [30] studied a simplified numerical model for simulating the natural removal of cake form in oil based drilling and completion fluids under different production pressures. The results show that removal outside cake is more important than the inside cake. The outside cake is formed in the complex condition, once the pressure drops improperly, residual part of the filter cake will remain in the wall permanently, seriously affecting the subsequent production.
However, in this model, the effects of geological mechanics and permeability anisotropy are not considered, and this model needs further studies.
Mechanical Removal Techniques
Mechanical removal is mainly jet, and the jet can be divided into hydraulic jet and acid jet. The brine or acid liquid is ejected from the nozzle hole at high pressure and impact the surface of the wellbore at high speed. This cake removal method is carried out through erosion, cutting and dissolving. The efficiency of jet removal is affected by the distance between nozzle and wellbore, liquid viscosity, jet velocity, duration, jet tool rotating speed and other factors. Generally speaking, when the jet time is long and the jet velocity is higher, the removal of cake and the effect of reservoir reconstruction are better.
Mikhailovich [31] compared the removal efficiency of water jet and jet acid, Open Journal of Yangtze Gas and Oil the results showed that acid jet is more sensitive to the jet velocity and jet duration; the average core permeability recovery of acid is much larger than water jet.
But in field experiments, the acid jet and hydraulic jet are of little difference.
Considering the process and cost, the comprehensive effect of hydraulic jet is better than that of acid jet.
Adinathan studied the removal of near wellbore damage by ultrasonic technique in experiment . The results show that the main mechanism of ultrasonic removal is the effect of acoustic flow and acoustic cavitation. The core permeability recovered to a certain extent by ultrasonic with different frequencies and intensities, but its effective depth is about 2.5 inches, and has no effect on the deeper part. The ultrasonic efficiency depends on the ultrasonic frequency, power, duration, and the coupling relationship between the ultrasonic and the treated material. This study provides a new idea for the removal of cake.
Chemical Removal Technique
The chemical removal technology is one of the most widely used cake removal technologies in field application. The main removal solution includes various oxidants, acids and chelating agents. oxidized solution plugging agent effect is obviously better than that of non-oxidized plugging agent. ClO 2 has strong oxidation, so it has the best removal effect; its success rate is more than 100%, followed by ammonium per sulfate and hydrogen peroxide.
Ronny, Genaro and others conducted experiments to investigate the removal efficiency of sodium hypochlorite. The results show that the oxidant, although does not reach to 100% to remove the filter cake in the polymer, it can cut through the polymer chain to achieve the effect of viscosity reduction, and with oxidant treatment, the cake is divided into discrete parts, easy to remove in reservoir fluid flow. In this process, oxidizing agents can either contact parts with the polymer chain or many underground substances and react, therefore, after oxidant treatment, the filter cake still keep part of polymer degradation products, a lot of non-degradable polymers as well as all of the calcium carbonate granules; in addition, oxidant are some damage to reservoir and string. 3) Cake removal by in situ acid system Situ acid system mainly includes: front acid, the role of which is hydrolysis to organic acids; an inorganic catalyst to catalyze the hydrolysis of esters; an enzyme or oxidizing agent to degrade polymer; a nonionic surfactant, viscosity and surface tension. The system can control the rate of acid production and achieve the goal of removing calcium carbonate and polymer in the cake in one step.
Nasr-el-din [33] studied the removal effect of in situ acid system in gas well with the improved high temperature and high pressure loss tester. The results showed that acid concentration was better in 6% -10%, and higher concentration might lead to organic acid calcium. This system has low surface tension, easy flow back, scavenging effect and other advantages, which can degrade cake form by KCl, polymer and drilling fluid, but at a higher temperature (about 104˚C) of this system will occur phase separation, affecting filter cake removal effect.
In order to make the acid system still play good removal effect on the cake at high temperature, Al-Otaibi M. B. et al. [34] was optimized from several esters Open Journal of Yangtze Gas and Oil that include acetate, lactate ester and lactic acid esters. Through optimization, lactic acid ester was used as prepositional esters. It is stronger than acetic acid, and the production rate at high temperature is faster than formic acid. The PH value of lactic acid buffer solution is about 4, which has great catalytic effect at a high temperature hydrolysis of starch polymer in the filter cake. This can ensure the speed and strength of acid, and can improve the removal efficiency of the cake.
4) Cake removal by complex
After a lot of field applications, it is found that the removal of cake is not very good when the oxidant, acid or chelating agent is used alone. In recent years, people have begun to consider the combination of a variety of cake removal methods, so as to achieve an ideal filter cake removal effect.
The oxidizing agent can be used in conjunction with the acid to remove the cake. Because the oxidant can oxidize HCl to produce a poisonous cl 2 , the acid and oxidant are to be used step by step. In recent years, a new kind of filter cake removal system including oxidant and organic acid has been developed by using strong buffer organic acid and oxidant. The system is based on buffered carbox- For horizontal wells with screen completion, in order to effectively remove oil based drilling fluid filter cake from the reservoir and screen plugging, an emulsion oil based drilling fluid filter cake removal KFC has been developed. It is a relatively stable oil in water emulsion. Study route map of KFC is: decomposing skeleton particles in the filter cake with acid under the strong penetrating agent, and the filter cake loosening; organic solvent to dissolve asphalt filtration control agent; then filter cake treated with high efficiency cleaning permeable agent; chelating agent to prevent metal ion precipitation, at the same time, the addition of clay stabilizer to prevent filter cake removal liquid into the reservoir to cause clay swelling damage.
Biological Removal Technique
The development of biotechnology has made it possible to remove polymer damage by new enzyme breaker, and it also proves that the effect of oil production in oil and gas wells is remarkable. Biological enzyme is a kind of special macromolecule protein produced by biological organism. It is a catalyst to increase the rate of chemical reaction. It can be used as a gelling agent to degrade polymer. In the process of degradation, the biological enzyme can keep the structure unchanged, and has the characteristics of never dying away and activity unchanged. It is found that the enzyme can degrade the polymer in drilling fluid, and let the calcium carbonate granules down from polymer, effectively The biological enzyme in the degradation of the polymer follows the "key to lock" principle, therefore, according to the particularity of the polymer chain, using a unique enzyme, namely SEB (specific enzyme breaker). After adding SEB to the drilling and completion fluid to remove some of the polymer in the cake, the remaining cake still has the ability to decrease permeability. At the same time, because the enzyme can keep stability and activity for a long time, it can react with the remaining polymer in order to remove repeatedly. The core flow test showed that acid treatment after SEB was very effective.
In order to enhance the flow back ability and suspension ability of biological enzyme treatment fluid, Nasr-El-Din H. A. et al. [35] pointed out a kind of viscoelastic surfactant, and used it in combination with biological enzyme. Adding viscoelastic surfactant, not only improved the solution viscosity and filtrate loss reduction, enhanced suspension capacity, and decreased surface tension of enzyme and improved the degradation rate of polymer and flow back ability.
In recent years, with the development of enzyme degrading polymer technology, new enzyme unplugging drilling completion fluid has also been applied.
Enzyme unplugging drilling fluid has the biodegradation characteristics, and degrade the temporary plugging materials which invaded reservoir and adhesion on the wall of well in the process of drilling into carbon dioxide and water. After completion without the use of conventional plugging technology, the filter cake can get rid of wellbore under the biological enzyme automatic degradation. The system mainly comprises cellulose, modified starch, bio polymer treatment agents, which can guarantee the smooth passage of reservoir fluid in the drilling process, recover the permeability of reservoir, and is environmentally and undamaged to reservoir.
Conclusions and Recommendations
Cake layer structure is divided into pseudo filter cake, compressible layer cake, dense layer filter cake and ultra-dense layer filter cake from top to bottom. The cake structure is under influence of pressure difference, shear rate, medium permeability and the size and distribution of solid particles in drilling and completion fluid. Electron microscope scanning shows that drilling fluid filter cake has structure of honeycomb; the study of clay particle interaction by electric double layer theory shows that the filter cake structure is a space grid structure;
and the fractal study of the filter cake microstructure shows the filter cake structure is a segmented Sierprinski fractal. Widely used filter cake removal technologies mainly include natural removal, mechanical removal chemical removal and biological removal technology, etc. In field applications, corresponding removal methods should be designed according to specific conditions.
At present, the following several aspects need more research to the structure of filter cake. With the further development of the filter cake removal technology, the down hole filter cake removal situation is becoming increasingly com-Open Journal of Yangtze Gas and Oil plex. A single filter cake removal technology has been unable to fully meet the requirements. Composite filter cake removal technology is a new direction, in order to effectively remove the cake and restore the reservoir permeability. At the same time, the study of the structure of the filter cake mainly stays in the qualitative research, which is relatively weak. The study of the cake structure of the horizontal well needs to be strengthened.
